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Available online 4 November 2016AbstractIn recent years, finding photocatalysts that can operate at a broad range of wavelengths is interesting in photocatalytic research field. In this
study, CsxWO3/BiOCl composites with different mass ratios of CsxWO3 were synthesized by solid state calcination method. The as-prepared
samples were characterized by X-ray diffraction analysis, scanning electron microscopy, photoluminescence emission spectroscopy, photo-
current and UVevis. diffuse reflectance spectra. The photocatalytic activity of the products was evaluated through photocatalytic degradation of
rhodamine B (RhB) and methylene blue (MB) under visible light irradiation. The results show that the photocatalytic activity of the CsxWO3/
BiOCl composite photocatalyst with the mass ratio 1/3 is better than the single CsxWO3 and BiOCl. The significantly improved photocatalytic
activity is attributed to the synergetic effect of two semiconductors, such as the extended visible absorption and the promoted electronehole
pairs separation. The novel composite photocatalyst will have a great application potential in the field of environmental purification.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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With the rapid industrial development, energy crisis and
environmental pollution have become two of the most serious
problems. Semiconductor photocatalysis has aroused growing
interests as a promising tool using sunlight to decompose
organic pollutants and produce hydrogen energy, and so on
[1e6]. Recently, Bi-based semiconductors have been paid more
attention due to its unique and outstanding optical, electrical,
catalytic, and magnetic properties among semiconductors
[7e15]. BiOCl semiconductor, with an indirect-transition band
gap, makes the electrons excited to the conduction band
through a certain k-space distance, reducing the recombination
probability of photo-excited charge carriers [23]. However, its
application in photocatalysis is limited by its wide band gap
and thus poor response to visible light. Our previous works* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).showed that the properties of BiOCl could be improved by
controlling the microstructure and morphology, or compositing
it with other semiconductors [16e21]. In particular, coupling
with another semiconductor has been widely used to improve
the photocatalytic performance of materials. Shamaila et al.
reported the WO3/BiOCl composite which showed a higher
photocatalytic activity than that of single BiOCl under visible
light [22,23]. Huang et al. prepared the W18O49/BiOCl heter-
ostructure with the excellent photocatalytic properties [24,25].
Many studies have reported that CsxWO3 as a novel near
infrared shielding materials, which is usually formed by WO3
doped with monovalent ion Csþ, shows very interesting opti-
cal and electrical properties [26e28]. The band gap energy of
CsxWO3 is around 2.5 eV, which enable it be used as a visible
light responsive photocatalyst. On the other hand, it exhibits a
strong absorption in wide range of 200e2500 nm, covering the
waveband of UV, visible and whole NIR region [26e31]. Li
et al. have extended the application of CsxWO3 into the pho-
tocatalytic research and obtained a full-spectrum-responsiveer B.V. This is an open access article under the CC BY-NC-ND license (http://
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mance is still poor, compared with other semiconductor pho-
tocatalyst. One possible reason is the fast recombination of the
photogenerated electronsehole pairs in CsxWO3. So far, there
has been no report about the CsxWO3/BiOCl composite as a
visible light droven photocatalyst. Coupling narrow band gap
CsxWO3 with wide band gap BiOCl semiconductor could lead
to an efficient electronehole pairs separation. Such CsxWO3/
BiOCl composite could possibly exhibit enhanced photo-
catalytic performance under visible light irradiation. In this
work, the CsxWO3/BiOCl composite photocatalyst was syn-
thesized through solid state calcination method. The photo-
catalytic activity was investigated by degrading rhodamine B
(RhB) and methyl blue (MB) under visible light irradiation.
2. Experimental2.1. Synthesis of CsxWO3 and BiOClIn a typical experiment, 0.2974 g WCl6 was dissolved into
the 40 ml dehydrate ethanol with violent stirring, then 0.063 g
CsOH$H2O was introduced into the yellowish ethanol solution
of WCl6. When the mixture became homogeneous, 10 ml
acetic acid was added. After that, the mixture solution was
transferred into a Teflon-lined autoclave of 100 ml internal
volume, followed by solvothermal reactions in an electric oven
at 240 C for 20 h. After the reaction, the dark blue powder
was centrifuged, washed with water and ethanol for several
times, and finally dried at 60 C in vacuum [19]. To obtain
BiOCl powder, 0.5542 g BiCl3 and 1.6866 g Bi(NO3)3$5H2O
were dissolved in 10 ml of ethylene glycol (EG) under stirring
for 10 min. Then 40 ml ethanol was added. After staying for
30 min the mixture was transferred into a Teflon-lined auto-
clave and kept at 160 C for 20 h. Then the resulting pre-
cipitates were collected, washed and dried at 60 C for 3 h.2.2. Synthesis of CsxWO3/BiOCl compositeTo prepare CsxWO3/BiOCl composite, the samples were
prepared by solid state calcination method. The CsxWO3 and
BiOCl in different weight ratios (2/1, 1/1, 1/3, 1/5) were mixed
in an ethanol solution and grinded in an agate mortar, and they
were designated as C-B-2/1, C-B-1/1, C-B-1/3, C-B-1/5,
respectively. The powder was dried at 80 C for 2 h and then
they were calcined at 200 C for 3 h. Finally, the composite
powder was got.2.3. Characterization of the materialsFig. 1. XRD patterns of single BiOCl, CsxWO3 and their composites with
different mass ratios.The phase and crystal structure of the powder samples were
analyzed by X-ray Diffraction (XRD) on a Rigaku D/MAX-
2200 at 40 kv and 40 mA with Cu Ka radiation. The
morphology of the products was observed by Hitachi S-4800
Scanning Electron Microscope (SEM). The UVevis spectra
were recorded on a Hitachi U-4800 spectrometer. To investi-
gate the recombination and lifespan of photo-generated e/hþ
pairs in the photocatalysts, the photoluminescence (PL)emission spectra of the samples were recorded on F-4500
(Hitachi) at room temperature (excitation
wavelength ¼ 250 nm).2.4. Photocatalytic reaction and photocurrent
measurementsThe photocatalytic activity of the sample was characterized
by photo-degradation of RhB and MB at room temperature. A
350 W Xe lamp was used as the light source (l > 420 nm),
mounted 30 cm away from the reaction solution. 40 mg of the
sample was suspended in 40 ml RhB aqueous solution (15 mg/
L) and 40 ml MB (5 mg/L), respectively, with stirring for
30 min in the dark so as to reach the adsorptionedesorption
equilibrium. Then the solution was stirred under the visible
light. At given intervals of illumination. 4 ml solution was
extracted to be analyzed for the change of the solution con-
centration, and then the degradation process was got.
To detect the ability of photogenerating electrons, photo-
current measurement was carried out on a CHI650D electro-
chemical workstation (Shanghai Chenhua, China) with a
standard three-electrode system, a platinum wire as counter
electrode, and a standard saturated calomel electrode (SCE) in
saturated KCl as reference electrode. 0.1 M Na2SO4 was used
as electrolyte. The prepared sample was coated on the fluorine
doped tin oxide (FTO) glass, which was used as the working
electrode.
3. Results and discussion
X-ray diffraction was carried out to investigate the crys-
talline situation and phase purity of the prepared samples.
Fig. 1 shows the XRD patterns of a series of composites of
C-B-2/1, C-B-1/1, C-B-1/3, C-B-1/5 and single samples of
CsxWO3 and BiOCl. All diffraction peaks of the single
Fig. 3. UVevis DRS spectra of BiOCl, CsxWO3 and CsxWO3/BiOCl
composites.
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phase of cesium tungsten bronze (JCPSD NO.831334), indi-
cating that the pure phase of CsxWO3 was successfully pre-
pared. So is the tetragonal phase of BiOCl (JCPSD
NO.060249). The XRD analysis indicated the co-existence of
CsxWO3 and BiOCl phases in the as-prepared CsxWO3/BiOCl
nanocomposite and no any impurities. It is obvious that with
increasing amounts of BiOCl in the composites, the diffraction
peaks corresponding to BiOCl phase gradually increased.
To confirm the intimate contact between CsxWO3 and
BiOCl in the composites, SEM was used to check the mor-
phologies of the samples.
Fig. 2 presents the SEM images of products of the C-B-1/3
composite. The pure CsxWO3 (Fig. 2a) shows the typical
morphology of CsxWO3 nanostructure the same as the report
in Ref. [19], which displays the homogeneous rod-like parti-
cles with the diameter of 7e10 nm and length between 40 and
60 nm. The single BiOCl (Fig. 2c) shows rough ball-like
sphere with an average diameter of 3 mm in the inset of
Fig. 2b. The microsphere (Fig. 2b) is composed of thin plates
with the thickness of about 40 nm align radically and tightly to
assemble into the uniform sphere. The morphology of the C-
B-1/3 composites is shown in the Fig. 2d. We observed that the
nanorods CsxWO3 was strewn on the sphere of the BiOCl,
which is very important for the effective electron transferring.
The UVevis diffuse reflectance spectra of single BiOCl
and C-B-1/3 composite are shown in Fig. 3.
From the Fig. 3, we can see that the absorption edge of the
single BiOCl (black line) is about 390 nm and the band gap
energy is about 3.2 eV. The band gap is estimated by the
formula lg ¼ 1240/Eg, where lg is band gap wavelength and
Eg is the band gap energy. The band gap energy of the
CsxWO3 (blue line) is about 2.5 eV, due to its absorption edge
is 500 nm. The absorption during visible light range of C-B-1/Fig. 2. SEM images of single CsxWO3 (a), the surface of sphere3 (red line) composite is improved in comparison with that of
single BiOCl. The absorption edge of the C-B-1/3 composite
shifts to longer wavelength, indicating that the assembly
structure is very efficient for light harvesting.
The photocatalytic performance of the BiOCl and CsxWO3/
BiOCl composites with different mass ratios was evaluated by
degrading RhB under visible light irradiation (l > 420 nm).
The photodegradation of the RhB as a function of the irradia-
tion time over CsxWO3/BiOCl composite is presented in Fig. 4.
From Fig. 4a, the experiments on degradation ability of
only light irradiation without photocatalyst confirm that the
light irradiation could not induce RhB degradation. From the
curves of the RhB dye concentration changes, we can see that
photocatalytic activity of the composites becomes more and
more active with the mass of BiOCl increasing, the C-B-1/3BiOCl (b) and single BiOCl (c), the C-B-1/3 composite (d).
Fig. 4. Visible-light photocatalytic activities of CsxWO3, BiOCl and their composites in decomposing RhB (a), The mechanically mixed powder of CsxWO3 and
BiOCl with a mass ratio of 1/3 (b), The cycling tests of RhB degraded by C-B-1/3 composite (c), XRD patterns of the C-B-1/3 composite before and after the
photocatalytic degradation (d).
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single BiOCl and single CsxWO3, but continuing to increase
the mass of BiOCl, the photocatalytic activity decreases.
About 100% of RhB dye is degraded by the C-B-1/3 com-
posite only in 10 min, but the single BiOCl or CsxWO3 can
just degrade about 90% and 10% of RhB, respectively. ToFig. 5. Visible-light photocatalytic activities of CsxWO3, BiOCl and the C-B-
1/3 composite in decomposing MB.prove the composite successfully synthesized, we tried to mix
powder of CsxWO3 and BiOCl with a mass ratio of 1/3 by just
mechanically grinding. Compared with the composite syn-
thesized by solid state calcination, the mixture only degraded
about 80% in 10 min, which is lower than the C-B-1/3 com-
posite. Thus it further proves that C-B-1/3 composite is ideal
photocatalyst. According to the photocatalytic activity of all
the samples, the C-B-1/3 composite greatly improves the
photocatalytic activity, compared with single CsxWO3 and
BiOCl. Fig. 4c shows that the C-B-1/3 photocatalytic stability
was examined by the photocatalytic cycling experiments.
After 3 recycling degradation of RhB, the C-B-1/3 shows
adequate recycling stability and there is negligible deteriora-
tion on photocatalytic activity. Meanwhile, no other new phase
was detected in the C-B-1/3 composite after the cycling
experiment from the Fig. 4d, which also proves the good
stability of the photocatalysis under visible light irradiation.
The C-B-1/3 composite photocatalyst is considered to be a
good photocatalyst in degrading RhB, but whether can the
composite photocatalyst degrade other pollutants?
Fig. 5 shows the further check of the photocatalytic activity
of C-B-1/3 composite, single BiOCl and CsxWO3. It can be
seen that MB is stable under visible light irradiation without
photocatalysis. After 80 min, the single BiOCl degraded about
75% of MB. The single CsxWO3 degraded only 40%, and
however the C-B-1/3 can degrade near 90%.
Fig. 6. Comparison of transient photocurrent response of single BiOCl and C-B-1/3 composite (a), PL spectra of single BiOCl and C-B-1/3 composite (b).
Scheme 1. Proposed mechanism for the degradation of organic pollutants on
CsxWO3/BiOCl composites under visible light.
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activity of the composite, the transient photocurrent responses
have been demonstrated to be a useful method to investigate
the separation of photogenerated electronehole pairs.
Fig. 6(a) shows the variation of the photocurrent for the
single BiOCl and the C-B-1/3 with and without the light irra-
diation. The current value decreased as the incident light was
turned off and returned to the original value only when the light
was turned on again. We see that change of the photocurrent of
the C-B-1/3 composite and the single BiOCl is significant
under full spectra irradiation, but the current value of the C-B-
1/3 sample is higher than that of BiOCl, which means the
higher photogenerated charge carrier. In addition, to investigate
the rate of recombination of photogenerated charge carriers, the
photoluminescence emission spectra of single BiOCl and C-B-
1/3 composite were carried out at room temperature. In general,
a decrease of the recombination rate gives rise to a low emis-
sion intensity. From Fig. 6(b), we see that there is no change of
the emission peak position, when the CsxWO3 is coupled with
BiOCl, but the intensity of the emission peak of C-B-1/3
composite is lower than that of BiOCl. In photocatalytic re-
action, the low recombination rate of photo-generated electron
and holes could enhance the photocatalytic activity because
more free radicals such as $OH and O$2 will be produced and
they can decompose dye, which further indicates that the
photocatalytic activity of C-B-1/3 composite is better than the
single BiOCl from another perspective, due to the efficient
separation of photogenerated electronehole pairs.From the above study and related literature [2,22e25,30], a
possible mechanism for the degradation of organic pollutants
on CsxWO3/BiOCl composites under visible light was pro-
posed, as shown in Scheme 1.
The enhancement of the photocatalytic activity originates
from the unique matching band position of these two semi-
conductors. We know that the band gap of BiOCl is larger than
that of CsxWO3. At the same time, the valence band (VB) of
CsxWO3 is lower than that of BiOCl [22e25]. Due to the
special band structure of the CsxWO3/BiOCl composite, the
photoelectrons would be excited from the VB to conduction
band (CB) of CsxWO3, which are subsequently trapped by O2
to produce $O2, then VB of CsxWO3 produces partially
vacancies, and the electrons from the VB of BiOCl can be
transferred to VB of CsxWO3, so holes are generated in the VB
of BiOCl, which react with OH to produce $OH. Therefore,
the electrons and holes are separated effectively, the newly
formed intermediates are powerful oxidizing agent to degrade
organic compounds.
4. Conclusion
In summary, the CsxWO3/BiOCl composite photocatalyst
was successfully synthesized using solid state calcination
method. CsxWO3 content greatly influenced the photocatalytic
activity. At the same calcination temperature, the C-B-1/3
composite showed the highest photocatalytic activity among
all the samples. The formation of well contacted CsxWO3/
BiOCl composite could effectively enhance the separation
efficiency of photogenerated electronehole pairs, which re-
sults in the enhanced photocatalytic activity for application in
the field of environmental cleaning.
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